The mechanism of type II DNA topoisomerases involves the formation of an enzyme-operated gate in one double-stranded DNA segment and the passage of another segment through this gate. DNA gyrase is the only type II topoisomerase able to introduce negative supercoils into DNA, a feature that requires the enzyme to dictate the directionality of strand passage. Although it is known that this is a consequence of the characteristic wrapping of DNA by gyrase, the detailed mechanism by which the transported DNA segment is captured and directed through the DNA gate is largely unknown. We have addressed this mechanism by probing the topology of the bound DNA segment at distinct steps of the catalytic cycle. We propose a model in which gyrase captures a contiguous DNA segment with high probability, irrespective of the superhelical density of the DNA substrate, setting up an equilibrium of the transported segment across the DNA gate. The overall efficiency of strand passage is determined by the position of this equilibrium, which depends on the superhelical density of the DNA substrate. This mechanism is concerted, in that capture of the transported segment by the ATP-operated clamp induces opening of the DNA gate, which in turn stimulates ATP hydrolysis.
The topological state of DNA plays an important role in its biological activity and is maintained by a group of enzymes called DNA topoisomerases (1, 2) . These enzymes perform the formidable task of passing one DNA segment through another. This feat is achieved by the cleavage of DNA and the formation of a transient DNA gate through which a segment of the same or another DNA molecule is passed. Mechanistic differences in this reaction distinguish topoisomerases into two types. Type I enzymes introduce a single-stranded break in DNA and facilitate the passage of a second strand through this gate. Type II topoisomerases create a double-stranded break and allow the passage of a double-stranded DNA segment.
Type II topoisomerases are able to catalyze a number of reactions, including the negative supercoiling of DNA, the relaxation of negative and positive supercoils, the catenation and decatenation of DNA circles, and the knotting and unknotting of DNA (3) . These reactions generally require the hydrolysis of ATP. Most type II enzymes [e.g., prokaryotic topoisomerase (topo) IV and eukaryotic topo II] favor DNA relaxation and decatenation reactions. DNA gyrase is the only topoisomerase able to introduce negative supercoils into DNA in an ATP-dependent manner (3, 4) . All type II enzymes share a degree of sequence similarity but tend to differ at their C termini (5) . DNA gyrase is composed of two subunits, DNA gyrase A protein (GyrA) (97 kDa in Escherichia coli) and DNA gyrase B protein (GyrB) (90 kDa in E. coli), the active form being an A 2 B 2 heterotetramer. Eukaryotic topo IIs are homodimers where the monomer is equivalent to a fusion of the A and B subunits of gyrase, such that the N terminus is homologous to the B subunit, and the C terminus corresponds approximately to the A subunit (6) . Topoisomerases are essential to all cells and as such, they are important targets of antibacterial and antineoplastic drugs (7, 8) .
Type II topoisomerases are believed to operate as molecular clamps (9, 10) . The enzymes bind a DNA segment (the gate or G segment), which is cleaved in both strands with covalent attachment of the phosphate backbone to a pair of tyrosines on the enzyme, forming a transient DNA gate. The N-terminal domains of the enzyme complex (of the GyrB subunits in the case of gyrase) form a protein clamp that dimerizes in the presence of ATP, trapping another DNA segment (the transported or T segment), which is passed through the DNA gate. When the two segments (G and T) are part of different DNA molecules, this mechanism results in catenation͞decatenation. When the two segments are part of the same molecule, strand passage generally results in DNA relaxation. However, in the presence of ATP, DNA gyrase can introduce negative supercoils into DNA, a reaction that requires the enzyme to dictate the orientation of the T segment with respect to the DNA gate. Gyrase differs from the other type II enzymes in its interaction with DNA. It wraps Ϸ130 bp of DNA in a positive superhelical sense, whereas the other enzymes interact with 35 bp or less without significant distortion of the DNA conformation (11) (12) (13) . The supercoiling ability of gyrase appears to derive from this unique right-handed wrapping of the DNA, since deletion of the C-terminal DNA-binding domain of GyrA, which is responsible for the wrap, abolishes supercoiling in favor of relaxation and decatenation (14) , reactions more typical of the other type II enzymes. However, the mechanism by which this interaction directs the T segment to the ATP-operated clamp and the details of the strand-passage reaction are still unclear.
Binding of the nonhydrolysable ATP analog adenosine 5Ј-[␤,␥-imido]triphosphate (ADPNP) traps the clamp in the dimerized form and can support a single strand-passage step (15) . The efficiency of this reaction was found to depend on the topological state of the DNA; with positively supercoiled DNA, the efficiency of strand passage is almost 100%, decreasing to Ϸ25% with relaxed, and to minimal levels with negatively supercoiled DNA (16) . It has been proposed that the efficiency of strand passage depends on the probability with which the T segment is captured (16) . Thus, positively supercoiled molecules, which readily form the positively wrapped conformation, are better substrates than relaxed or negatively supercoiled ones. Moreover, it is proposed that once the T segment is trapped, it is passed through the DNA gate with high probability, whereas nucleotide hydrolysis is required for enzyme turnover (16) . However, a number of observations appear to contradict this model. Firstly, it has been suggested that the presence of a DNA segment in the ATP-operated clamp stimulates the rate of ATP hydrolysis
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org.
Abbreviations: ADPNP, adenosine 5Ј-[␤,␥-imido]triphosphate; GyrA, DNA gyrase A protein; GyrB, DNA gyrase B protein; topo, topoisomerase. ‡ To whom reprint requests should be addressed. e-mail: ony@le.ac.uk. (17, 18) . Therefore, if capture of the T segment depended on the topological state of the DNA, so would the rate of ATP hydrolysis. However, the rate of hydrolysis is the same in the presence of excess linear, relaxed, or negatively supercoiled DNA (14, 16, 19) . Secondly, the thiophosphate ATP analog ATP␤S(R p ) cannot support efficient supercoiling, although it is hydrolyzed as well as ATP, suggesting that the efficiency of strand passage is determined by an event subsequent to T-segment capture (20) . Thirdly, it is not obvious how a model in which the limit of supercoiling depends on the probability of capture of a T segment explains the experimental evidence suggesting that the limit is determined by the thermodynamics of ATP hydrolysis (21) (22) (23) .
To address the mechanism of strand passage, we used DNA relaxation by eukaryotic topo I as a topological probe. Topo I is an ATP-independent topoisomerase that relaxes DNA in the thermodynamically favorable direction (24) . Treatment of a protein-bound closed-circular DNA molecule with topo I relaxes the protein-free DNA but not the part stabilized by the protein. Therefore, if protein binding induces changes in the twist and writhe of the DNA, analysis of the topo I-treated DNA after removal of the protein can provide useful information on the conformation of the protein-DNA complex.
MATERIALS AND METHODS
Enzymes and DNA. E. coli GyrA, GyrA Ser122 , GyrA64, GyrA64 Phe122 , GyrA64
Ser122
(gifts of S. E. Critchlow), and GyrB (gift of A. J. Howells) were prepared as described previously (25) . Chicken blood topo I (gift of A. J. Howells) was prepared as described by Trask and Muller (26) . Positively supercoiled DNA was prepared by incubating relaxed pBR322 (gift of A. J. Howells) with gyrase and topo I under the conditions described for the topo I relaxation assays.
Enzyme Assays. ATPase assays were performed as described previously (27) . Topo I relaxation assays (30 L) contained 0.8 g of the appropriate topological form of pBR322 and the indicated amounts of enzyme in 35 mM Tris⅐HCl (pH 7.5)͞24 mM KCl͞4 mM MgCl 2 ͞1.8 mM spermidine͞0.36 mg/ml BSA͞9 g/ml tRNA. Where indicated, ADPNP was added to 1.4 mM, and the reactions were incubated for 30 min at 25°C. Samples were then treated with topo I for 30 min at 37°C. The final concentration of topo I was a six-fold excess of the concentration required to fully relax the same amount of negatively supercoiled pBR322 ( ϭ Ϫ0.06) under the above conditions. Reactions were stopped by the addition of SDS to 0.2% and treated with 0.1 mg͞ml proteinase K for 30 min at 37°C. The DNA was extracted with chloroform͞isoamyl alcohol, 25:1 (vol͞vol), and analyzed by 1% agarose gel electrophoresis in 90 mM Tris͞90 mM acetic acid͞1 mM EDTA, in the presence of 0-3 g͞ml chloroquine as appropriate (28) . ADPNP-driven single-strand passage experiments were performed in a similar manner to the topo I relaxation assays except for the omission of the topo I relaxation step. Experiments with A64 2 Phe122 B 2 were all performed under ATP-dependent relaxation conditions (14) . Linking number changes were measured by determining the center of the topoisomer distribution after capture of the gel image by camera and analysis of the image by using the program IMAGEQUANT (Molecular Dynamics).
RESULTS AND DISCUSSION
To test whether the efficiency of T-segment capture depends on the topological state of the DNA, gyrase-DNA complexes formed at different superhelical densities (specific linking differences; ) were incubated with ADPNP and then probed with topo I to assess the conformation of the bound DNA segment. As a control, gyrase was also incubated with relaxed, negatively and positively supercoiled pBR322 DNA ( ϭ 0, Ϫ0.06 and ϩ0.03 respectively) and treated with topo I in the absence of nucleotide. In this case, all three DNAs yielded the expected linking difference of Ϸϩ0.8 per enzyme (⌬Lk͞Enz. ϭ ϩ0.8), characteristic of the wrapping of DNA around gyrase (4) (Fig. 1A and Table 1 ). However, after formation of the enzyme-DNA-ADPNP complex and treatment with topo I, the DNA was found to be almost fully relaxed (⌬Lk͞Enz. Ͻ ϩ0.05), independent of the initial topological state of the substrate ( Fig. 1 A and Table 1 ). Similar experiments, in which religation of singly nicked DNA with E. coli DNA ligase was used instead of topo I relaxation, corroborate these findings (M. H. O'Dea and M. Gellert, personal communication). When the ability of the enzyme to perform ADPNP-induced supercoiling was investigated, each gyrase tetramer introduced 0.55 negative supercoils into relaxed DNA, in good agreement with previous observations (16) . (14); however, similar results were obtained in the absence of the quinolone. A642 Ser122 B2 also produced similar results with or without the drug.
To study the relationship between strand passage and the linking number changes observed, we used an active-site mutant of gyrase (GyrA Ser122 ) that cannot cleave DNA and thus cannot perform strand passage (29) . With all three topological forms of the DNA substrate, A 2 Ser122 B 2 was found to induce a ⌬Lk͞Enz. of Ϸϩ0.7 per enzyme in the absence of ADPNP, i.e., very similar to wild type. When ADPNP was bound, ⌬Lk͞Enz. was Ϸϩ0.2 in all cases (Table 1) .
These results seem to contradict the model for the mechanism of strand passage that predicts that, depending on the topological form of the DNA, a different proportion of the enzyme will trap the T segment in the presence of ADPNP (the ''probability of capture'' model) (16) . To reconcile the results obtained with the wild-type enzyme with this model, we would have to assume that the complexes that have trapped and transported the T segment have a similar conformation to those where clamp closure failed to trap a segment and that, in each case, the overall wrapping of the DNA is almost zero. A model that would be consistent with this is one in which after strand passage, or after failure to trap a T segment, the wrapped DNA is released from the enzyme. However, this idea seems inconsistent with a number of experiments that support the retention of the wrap in the presence of ADPNP and indeed show increased protection of the bound DNA from nucleases and other agents. These include DNase I footprinting (30) (31) (32) (33) , exonuclease protection (31, 33) , and hydroxyl radical footprinting (12) . In the case of the latter two methods, the data are consistent with further wrapping of the DNA onto the enzyme core. Given these results, if the probability of capture model is correct, we must assume that the DNA remains bound on the enzyme but in each case (i.e., where the T segment is trapped and transported and where it is not trapped), the overall ⌬Lk of the bound segment is approximately zero.
However, this interpretation cannot account for the results obtained with A 2 Ser122 B 2 (which cannot cleave DNA), provided the ability of this mutant to trap the T segment within the ATP-operated clamp is unaffected. The explanation for this conclusion is as follows. The topology of the crossover formed by the trapped T segment and the segment that contains the DNA gate must be positive in order for gyrase to perform supercoiling. If T-segment capture did depend on the topological state of the DNA, topo I treatment of the A 2 Ser122 B 2 -ADPNP complex formed on positively supercoiled DNA would be expected to produce a positive linking difference, because almost all the T segments would be trapped and remain in the ATP-operated clamp. In contrast, in the complex formed on negatively supercoiled DNA, where almost no DNA is trapped, ⌬Lk͞Enz. would be expected to be approximately zero, consistent with the wild-type enzyme results in Table 1 . In fact, the ⌬Lk͞Enz. value of the A 2 Ser122 B 2 -ADPNP complex is positive (Ϸϩ0.2) in all cases (Table 1) .
We thus suggest that, in the presence of ADPNP, A 2 Ser122 B 2 does capture a T segment. However, this cannot be deduced unambiguously from the topo I data for this complex. Support for the idea that the T segment can be trapped inside the dimerized clamp when the DNA gate is not allowed to open comes from experiments with the active-site mutant of the C-terminal truncated version of gyrase (A64 2 B 2 ). This enzyme does not wrap DNA (14) , thus making it easier in a topo I experiment to identify whether a DNA crossover has been trapped. Binding of A64 2 Phe122 B 2 to negatively supercoiled DNA stabilized Ϸ0.20 negative crossovers per enzyme (Fig.  1B) . However, when ADPNP was bound to the mutant complexes, the number of negative crossovers trapped increased to Ϸ0.45 per enzyme, consistent with T-segment trapping ( Fig.  1B; A64 2 Ser122 B 2 produced similar results). Alternatively, it is possible that the complex stabilized by A64 2 Phe122 B 2 consists of a G segment and another segment of DNA that is not the T segment, as has been suggested in the case of topo II (39) , and the addition of ADPNP leads to further stabilization of this alternative complex. However, there is currently no evidence for the existence of such complexes with gyrase and its derivatives. Another possible explanation for the ⌬Lk change observed in the presence of the nucleotide is that it is caused by a conformational change in the A64 2 Phe122 B 2 complex, which is characteristic of the inability of this enzyme to cleave DNA. However as A64 2 Phe122 B 2 binds only 20-25 bp of DNA (14) , a change in the linking number of ϷϪ0.45 appears rather large, perhaps making this an unlikely explanation.
Thus, it seems that our results are hard to reconcile with the probability of capture model (16) . As a simpler explanation of our observations, we propose that the T segment is captured with high probability on nucleotide binding, irrespective of the topology of the DNA substrate. In the absence of ADPNP, DNA gyrase stabilizes a positive writhe of Ϸ0.8 (Table 1) , consistent with previous observations (4). In the presence of ADPNP, the T segment is trapped and is not irreversibly released from the enzyme after it has passed the DNA gate; instead, it is able to equilibrate within the enzyme between the two sides of the DNA gate. The position of this equilibrium will depend on the topology of the DNA substrate. Thus, with positively supercoiled substrates, the T segment would equilibrate predominantly beyond the gate, and stopping the reaction at that point would reveal efficient strand passage. With negatively supercoiled substrates, however, the T segment would be predominantly before the DNA gate, within the ATP-operated clamp, and very little strand passage would be observed. Topo I treatment of gyrase-ADPNP complexes formed with DNA of different superhelical densities would relax the part of the DNA that is not constrained by the enzyme. Thus, the T segment would reach an equilibrium within the enzyme that is independent of the topological state of the starting material, consistent with the independence of ⌬Lk on substrate in our experiments. The very low value of ⌬Lk arises from the sum of a positive contribution from those complexes where the T segment is before the gate and a negative one from those where it is beyond the gate. The simplest hypothesis for the role of ATP hydrolysis would be that it is required for release of the T segment from the enzyme. However, this idea is in conflict with the apparent situation in yeast topo II, where decatenation experiments (1999) have suggested that the T segment is released from the enzyme on ADPNP binding (34) . This discrepancy could be attributed to intrinsic differences between the two enzymes. Alternatively, it is possible that the T segment is free to equilibrate not only across the DNA gate within the enzyme, but also across the interface between the A subunits (the C gate). In the circumstances of an energetically favorable topo II decatenation experiment, this would result in the appearance of free product, as seen by Roca and Wang (34) . However, in the case of gyrase, where the T segment is constrained by being close to or part of the wrapped region (see below), the equilibrium position after the topo I relaxation experiment described here could be with the DNA mostly within the complex. At the structural level, the information on gyrase is partial. The structure of the 59-kDa N-terminal domain of GyrA and the 43-kDa N-terminal domain of GyrB have been solved independently (35, 36) , and the structure of a 92-kDa fragment of yeast topo II homologous to the N-terminal domain of GyrA and the 47-kDa C-terminal domain of GyrB has also been solved (10) . Taken together with electron microscopy studies on yeast topo II (37) , the spatial arrangement of the gyrase subunits can be proposed to be similar to that shown in Fig. 2 . In this model, the unknown structure of the 47-kDa domain of GyrB is replaced by that of the homologous domain of yeast topo II. The structure of the 33-kDa C-terminal domain of GyrA is also unknown. This domain is the major component of the DNA-binding surface of gyrase and contributes Ϸ100 bp of positive wrap, whereas its deletion abolishes the ability of gyrase to dictate the direction of strand passage (14) . We suggest that the 33-kDa domain is located such that it directs the T segment to the ATP-operated clamp. Moreover, to achieve this high efficiency of trapping, the T segment must be very close to or part of the wrapped segment. This is consistent with the observation that gyrase can carry out strand-passage reactions on very small DNA circles (22) and is supported by hydroxyl-radical footprinting experiments that revealed an extension in the protection of one of the two DNA arms in the presence of ADPNP (12) . We propose that the 33-kDa domain extends from the DNA gate toward the entrance to the clamp as shown in Fig. 2a . In the nucleotide-free complex, the DNA is wrapped in a positive configuration (Fig. 2a) ; the proposed DNA-binding domain of GyrB (18, 36) could contribute to the wrapping of the bound segment.
To facilitate passage of the T segment through the DNA gate, large movements of enzyme and DNA must accompany the binding of the nucleotide (Fig. 2) . These movements are reflected in the changes in DNA conformation observed in these experiments. Moreover, comparison of the crystal structures of the 59-kDa N-terminal domain of GyrA and the 92-kDa fragment of yeast topo II suggests that there are large conformational changes on gate opening. In the case of A 2 Ser122 B 2 , the overall wrapping drops to ϩ0.2 turns per (37) . The structure of the 33-kDa domain is unknown; a representation is given here (yellow). The conformation of the bound DNA is shown here to be symmetrical. However, hydroxyl radical experiments show a preference for the protection of one of the DNA arms (12) . Such protection must be the result of differences in the flexibility of the two arms and suggests that DNA structure plays a role in determining which of the two arms is captured by the ATP-operated clamp. (b) The conformation of the enzyme-DNA complex when the T segment is before the DNA gate. (c) The enzyme-DNA complex when the T segment is beyond the DNA gate. The conformational changes that are depicted to take place on nucleotide binding are discussed in the text. In the gate-open conformation, the structure of the 59-kDa domain has been substituted with that of the AЈ subdomain of yeast topo II (10) . In the nucleotide-bound complex (complexes b and c), the DNA gate is shown in the open state merely to illustrate the opening of the gate to allow strand passage. At equilibrium, this gate may be predominantly in the closed state, as suggested by the cleavage experiments in Fig. 3 .
enzyme after the binding of the nucleotide. Because in this complex we propose that a positive node is always trapped, a negative distortion may be required elsewhere in the bound DNA in order for the overall ⌬Lk͞Enz. to be ϩ0.2. To account for this, in the model shown in Fig. 2b we suggest that, when the T segment is before the DNA gate, the conformation of the DNA arm that has not been trapped may be that of a negative superhelix.
The above model suggests that the presence of the T segment in the ATP-operated clamp might affect the DNA cleavage-religation equilibrium established between gyrase and the DNA segment that forms the DNA gate. To test this hypothesis, the dependence of ADPNP-induced cleavage on DNA topology was investigated. In the absence of nucleotide, the DNA cleavage-religation equilibrium is predominantly in the ligated form, because interrupting the enzyme-DNA complex with a protein denaturant reveals only minimal amounts of cleavage. However, binding of ADPNP (Fig. 3) or ATP (data not shown) shifts this equilibrium, increasing the extent of cleavage [see also Critchlow et al. (38) ]. With negatively supercoiled DNA, where we propose that the T segment is predominantly in the ATP-operated clamp, AD-PNP-induced cleavage was Ϸ8 times more efficient than in the absence of the nucleotide, whereas with relaxed DNA the efficiency of cleavage was increased by a factor of Ϸ3 (Table  2 ). However, with positively supercoiled DNA, where we propose that the T segment is predominantly beyond the DNA gate, the extent of ADPNP-induced cleavage was similar to that observed in the absence of the nucleotide (Table 2) . These results were corroborated in another way. In this case, the ability of gyrase to perform ADPNP-induced cleavage of a stoichiometric amount of radiolabeled 80-bp fragment in the presence of excess unlabeled 40-bp fragment was studied.
Because of its higher affinity for gyrase, the 80-bp fragment is expected to behave as a G segment, whereas the 40-mer is expected to play the role of the T segment. Gyrase supported similar very low levels of cleavage of the 80-bp fragment in the absence or presence of ADPNP. However, the presence of the 40-bp fragment resulted in significant increase in the levels of ADPNP-induced cleavage of the 80 mer (data not shown). This result provides further support for the idea that the presence of the T segment inside the ATP-operated clamp shifts the equilibrium toward DNA cleavage.
It has been proposed that the presence of a DNA segment in the ATP-operated clamp stimulates the rate of ATP hydrolysis (17, 18) . Therefore, T-segment capture appears to be related to both DNA cleavage and ATPase stimulation. We investigated the relationship between DNA cleavage and ATP hydrolysis by studying the ATPase activity of the active-site mutant A 2 Ser122 B 2 . In this mutant, DNA binding did not stimulate the rate of ATP hydrolysis (Fig. 4A) . However, its inability to cleave DNA did not affect the intrinsic ATPase reaction of the mutant, since the kinetics of ATP hydrolysis in the presence or absence of DNA are identical (Fig. 4B) , i.e., cleavage is not required for the intrinsic ATPase of the complex but may be necessary for the DNA-stimulated reaction. This result provides further support for the proposition that the active site mutant can capture a T segment. If a T segment cannot be trapped, then its presence in the clamp before ATP binding (approximately 25% of the time, according to the probability of capture model) would be expected to inhibit the intrinsic ATPase of the mutant. The fact that this inhibition is not observed (Fig. 4B) is consistent with the idea that the mutant does trap a T segment. Assuming this to be the case, it appears that DNA binding in the ATP-operated clamp is not sufficient on its own to induce the ATPase of gyrase, and T segment-induced DNA cleavage is required for ATPase stimulation. Further support for this notion comes from recent findings in yeast topo II (40, 41) .
Taken together, these results suggest that a concerted mechanism operates in DNA gyrase, in which trapping of a T segment promotes cleavage of the DNA at the gate and the setting up of an on-enzyme equilibrium. T segment-induced cleavage triggers ATP hydrolysis, which completes the catalytic turnover of the enzyme.
CONCLUSIONS
Previous work had supported a model for gyrase-catalyzed supercoiling in which the probability of T-segment capture by the ATP-operated clamp depended on the topological state of the DNA (16) . Positively supercoiled DNA substrates led to high efficiency of capture, whereas negatively supercoiled DNA was captured with low efficiency. Experiments using topo I as a probe for the topology of gyrase-DNA complexes now suggest that a T segment is captured with high efficiency irrespective of the topology of the DNA substrate. We propose that this capture is enabled by the wrapped conformation of the gyrase-DNA complex, whereby the 33-kDa C-terminal domains of GyrA deliver the T segment to the ATP-operated clamp (Fig. 2) . Indeed, it is feasible that the N-terminal ATP-binding domain of GyrB forms part of the wrap surface. The probability of subsequent strand passage depends on an on-enzyme equilibrium, the position of which is determined by DNA topology; positively supercoiled substrates undergo strand passage with a high probability [as manifested by their high coupling ratios in ADPNP strand-passage reactions (16)], and negatively supercoiled DNAs are poor substrates for the strand-passage reaction. T-segment capture shifts the DNA cleavage-religation equilibrium toward the cleaved form, an event that acts as a trigger for ATP hydrolysis and enables the free energy of ATP hydrolysis and product release to be coupled to enzyme turnover.
